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ABSTRACT 
Three classes of x-ray diagnostic instruments enable measurement of a 
variety of tokamak physics parameters from different features of the x-ray 
emission spectrum. (1) The soft x-ray (1-50 kev) pulse-height-analysis (PRA) 
diagnostic measures impurity concentrations from characteristic line 
intensities and the continuum enhancement, and measures the electron 
temperature from the continuum slope. Multiple Si(Li) and Ge detectors 
provide 230 ev FWHM spectral resolution (at 6 keV) and 50 ms time 
resolution. A hard x-ray (50-500 keV) version of the PHA diagnostic uses Nal 
scintillators to measure nonthermal and anisotropic electron velocity 
distributions from the spectral shape and angular distribution of the 
bremsstrahlung spectrum. (2) The Bragg x-rey crystal spectrometer (XCS) 
measures the ion temperature and neutral-beain-induced toroidal rotation 
velocity from the Doppler broadening and wavelength shift, respectively, of 
spectral lines of medium-Z impurity ions. Impurity charge state 
distributions, precise wavelengths, ana inner-shell jê c*. fe»**i3n W and 
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recombination r a t e s can also be s tud ied . X rays are d i f f rac ted and focussed 
by a bent c ry s t a l onto a p o s i t i o n - s e n s i t i v e d e t ec to r . The spec t r a l resolving 
power E/AE i s g rea te r than 10 and time r e so lu t ion i s 10 ras. (3) The x-ray 
imaging system (XIS) measures the s p a t i a l s t r uc tu re of r:.pid f l uc tua t ions 
(0.1-100 kHZ) providing information on HHD phenomena, impurity t r anspor t 
r a t e s , to ro ida l ro t a t i on ve loc i ty , plasna pos i t i on , and the e l ec t ron 
temperature p r o f i l e , i t uses an ar ray of s i l i c o n su r f ace -ba r r i e r diodes which 
view d i f f e r en t chords of the plasma through a common s l o t aper tu re and operate 
in current (as opposed to counting) mode. The ef fec t iveness of sh ie lds to 
p ro tec t de tec tors from fusion-neutron rad ia t ion ef fec ts has been studied both 
t h e o r e t i c a l l y and experimental ly . 
Oak Ridge National Laboratory, Oak Ridge, TN 
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1.0 INTRODUCTION 
X-ray diagnostic instrumentation on tokamaks has long been used to 
measure a variety of physical parameters of importance to tokamak physics and 
fusion research. As tokamak plasmas approach the reactor regime with central 
electron temperatures greater than 6 keV, the intensity of x-ray emission 
increases and x-ray methods become even better suited to probe the important 
hot central region. In this paper an overview of x-ray diagnostic methods is 
presented, with an emphasis on instrumentation and measurement techniques. A 
companion paper /1/ reviews some recent experimental physics results obtained 
with JE-ray diagnostics from the Tokamak Fusion Test Reactor tTFTR) and other 
tokamaks. The great versatility of x-ray diagnostic methods is achieved 
through exploitation of different aspects of the x-ray emission. 
First, for example, photon counting x-ray spectrometers called pulse-
height analyzers (PHA) /2-4/ provide an overview of the x-ray emission 
spectrum from 1 to SO keV with moderate energy resolution (~ 220 eV FWHM at 6 
keV) and coarse time resolution (50 ms). These instruments measure impurity 
concentrations and electron temperature. Higher energy spectrometers in this 
class, operating in the energy range from 50 to 500 keV, measure the electron 
distribution function /5/ in the case of nonthermal or suprathermal electron 
dis tributions. 
Second, Bragg x-ray crystal spectrometers (XCS) /4,6-9/ measure 
characteristic line radiation from high-Z impurity ions with excellent energy 
resolution (E/fiE ~ 10 } and moderate time resolution (10 ms). This class of 
instrument measures the impurity ion temperature from Dopplsr broadening of 
the impurity x-ray line /7,10/. Other important uses include the measurement 
of neutral-bean-induced toroidal plasma rotation in tokamaks from the Doppler 
shift of the lines /11-14/; the measurement of ion charge-state distributions 
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and the ionization equilibrium /6,11/ from the intensities of x-ray lines from 
the various charge states of an ion species; precise measurements of 
wavelengths of x-ray lines /11,15-17/,- and measurement of line excitation 
rates and dielectronic recombination rates /18/. ft recent novel application 
of the XCS is the measurement of the radial profile of neutral hydrogen 
density in a tokamak from x-ray lines produced through charge exchange or 
capture of an electron from the hydrogen neutrals /19/. 
Third, the x-ray imaging (XIS) system /20,21/ provides an image of rapid 
fluctuations in the plasma x-ray amission based on analysis of a cross section 
of the minor radius, its characteristics are good position resolution, 1-2 
centimeters, course energy resolution provided by x-ray filter foils, and 
excellent time resolution {1 \e). This instrument can also measure a variety 
of plasma phenomena /22/, including HHD instabilities, determination of the q 
= 1 radius and plasma position, toroidal plasma rotation velocity, and 
electron temperature profiles /23,24/. 
Instruments in all three classes of x-ray diagnostics can be used to 
measure impurity transport rates /11,25-28/. A recently developed version of 
the x-ray imaging system is a pinhole camera with a two-dimensional detector 
/29/, which provides a tangential view of the plasma in the pax (Princeton 
Beta Experiment] tokamak. Initial results from this diagnostic show 
differences in internal plasma shapes for circular and bean-shaped discharges. 
These x-ray diagnostic instruments and measurement techniques have 
evolved, improved, and matured over the past 15 years, through development and 
testing on several tokamaks. 
An important aspect of the development of x-ray diagnostic 
instrumentation for TPTR and for future reactors is the effects of radiation 
on the instruments /30/. Fusion neutrons and gamma rays resulting from the 
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interaction of the neutrons in the tokamak structure and surrounding building 
can produce severe noise signals in the detectors and can produce damage in 
some types of detectors. The TFTR diagnostic development program has stressed 
the importance of dealing with this problem, and the TFTR environment has 
provided a unique opportunity to test the effectiveness of shielding and the 
accuracy of the computational modeling, which has been used to design 
shielding for the TPTR facility and for individual diagnostics /31/. 
In Sec. 2 the origin of x-ray emission in plassias is discussed. In Sees. 
3-6 the x-ray diagnostics instruments are described with examples and figures 
mostly from TFTR. In Sec. 7, some calculations and measurements of shielding 
effectiveness and radiation noise characteristics are presented. Future plans 
for development and improvement of diagnostic instruments to satisfy 
requirements for TFTR with tritium plasmas and for future reactors are 
discussed in Sec, 8. 
2.0 TCKAMAK X-RAY EMISSION CHARACTERISTICS 
Each of the different classes of x-ray diagnostic instruments was 
developed to make use of different aspects of the plasma x-ray emission 
spectrum. In this section, the x-ray spectral characteristics and the 
mechanisms for generation of x rays in plasmas> are reviewed. A typical 
spectrum measured by the x-ray PHA viewing a central chord in the horizontal 
midplane of TFTR is shown in Fig. la. Figures lb and 1c are iron Ka spectra 
recorded with Bragg crystal spectrometers having a resolving power of 1700 and 
15,000, respectively. They show that the iron Ka peak (in Fig. 1a) is 
actually composed of a large number of x-ray lines from different charge 
states of iron (Fig. lb). The PHA spectrum in Fig. 1a has two main features, 
a continuum which decreases approximately exponentially with x-ray energy, and 
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characteristic x-ray peaks from impurities. As discussed below, the impurity 
concentrations are obtained from the intensities of the characteristic peaks, 
and the electron temperature is measured from the slope of the continuum 
spectrum on a semi logarithmic plot. The dashed curve plotted along the 
measured spectrum is a simulated continuum which is calculated for a typical 
electron temperature and electron density profile shape in TFTR, and 
represents a maximum likelihood fit to the measured data. 
The continuum spectrum results mainly from bremsstrahlung and radiative 
recombination. The brems strati lung emission occurs when electrons are 
scattered by either bulk plasna or impurity ions (free-free continuum). The 
recombination continuum results from radiative capture of free electrons by an 
ion (free-bound). Detailed discussions of the continuum emission have been 
presented previously /3,4/. Here a simplified outline of the essential 
features is given. 
The bremsstrahlung radiation rate can be expressed by the equation 
dp 
-J-f. = 3 x 10" 1 5 n n . C 2 T _ 1 / 2 i „ fT , E > x p f ^ l , (1) dE e i l e f f l e ' ^McT ' e 
where dP/dE is the power emitted per unit volume density (keV/cm~'/sec) 
radiated into the photon energy interval dE (keV) by an impurity ion with 
density n^ and effective charge for free-free collisions Z;. The quantity n e 
is the electron density in era . T and E ate the electron temperature and 
photon energy in kev, gCf is the temperature averaged Gaunt factor, which is 
approximately 1 in most cases. Equation 1 must be summed over all ionic 
species in the plasma to yield the total brumsstrahlung power. 
The expression for the recombination radiation is more complicated and 
has also been presented previously /3,4/. For this discussion, we simplify 
the recombination expression to the following /3/: 
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dE ^i ' dE 
which is valid for energies greater than the ionization potential of the ion 
in question. The parameter y^ represents the enhancement of the continuum, 
radiation over hydrogen bremsstrahlung due to recombination radiation from ion 
species "i". This factor has been calculated for several ions in the 
literature /3,4,32/. Typical values of y in the 2-4 keV range of electron 
temperatures vary from •?" 2 for fully stripped carbon and oxygen to ~8-1Q for a 
coronal-equilibrium distribution of elements such as chlorine {Z = 17) or 
titanium (2 = 22). 
The principle of measuring electron temperature from the continuum can be 
understood from the last term in Eg. (1). If we take g f C as independent of 
energy, then the spectrum of Eqs. (1) and (2), and, therefore, of the total 
continuum has the shape of a straight line on a semilogarithmic graph of dP/dE 
vs E. The slope is -1/T e, from which t Q is measured. The slight curvature of 
the theoretical continuum spectra in Fig. 1 at low energies is due to radial 
profile effects. The spectrometer line of sight samples not only the hot 
central plasma but also the outer cooler parts of the plasma where the slope 
(magnitude) is larger. At high photon energies, however, the emission is 
dominated by the hot central plaama, and the spectrum is approximately linear 
with a slope more nearly characteristic of the central electron temperature. 
The procedure of fitting to the measured continuum a simulated continuum which 
uses realistic density and temperature profiles usually results in a central 
temperature measurement which is very close to that measured, e.g., from 
Thomson scattering. 
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The i n t e n s i t y I of the l i ne rad ia t ion in Fig. la can be r e l a t ed to the 
dens i ty of impurity species nt, nm by the equation 
1 = n e "m s e f f < V ' 
where S e fj(T el is a theoretical effective excitation rate which depends on Te« 
Since the PHA diagnostic, which measures the spectrum in Fig. la, does not 
resolve different lines from different charqe states of a metal, the effective 
excitation rate S ejj is a double sum, first over the various lines j emitted 
by a given charge state, then over the charge i, weighted according to the 
fractional abundance f^, 
S ,. (T 1 = J f. S. . (T ] , 
ef f "- e ' , i. l in <• e ; i,D 
where S ij(T e) is the excitation rate for the single line j. The charge-state 
distribution f^ is usually calculated according to coronal equilibrium but may 
be measured or calculated according to other prescriptions if deviations from 
coronal equilibrium are suspected. Excitation rates S ^ for individual charge 
states and the total effective rate S a f f for iron have been calculated by 
Cowan /4/. Values of S e £ f for chlorine, titanium, and iron have been 
presented by Silver /3/. improved individual and total rates for iron have 
been compiled by Kill and are illustrated in Fig. 2 /33/. These include 
calculations from Bely-Dubau /34/ to account for contributions which were 
omitted in the earlier compilation /4/. These rates are 30-50% higher Chan 
the earlier rates, and are in better agreement with the measured continuum 
enhancement in cases where the enhancement is strongly dominated by metals. 
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All of the aforementioned effective excitation rates assumed a coronal 
equilibrium distribution of charge states. Recent observations in TFTR 
indicate that the distribution can be significantly shifted toward lower 
charge states in low density discharges in the presence of intense neutral 
beam heating. The effect is apparently due to the capture of electrons by the 
highly stripped medium-Z ions from deuterium neutrals. The enhanced charge-
exchange rate can produce large deviations from coronal equilibrium and can 
significantly reduce the effective or charge-state-averaged recombination 
radiation factor y [see Eq. (2)3 by reducing the fraction of hydrogenlike and 
fully stripped species /35/. 
The individual lines shown in Fig. 1c result mainly from direct inner-
shell impact excitation and dielectronic recombination. Contributions from 
inner-shell ionization, radiative recombination, and inner-shell excitation to 
levels n > 2 followed by cascading are usually smaller in tokaraaks. 
Calculated rates for these processes in iron are given in Ref. 34. Also 
methods for calculating the rates and references to calculations by other 
physicists are given. References 11, 15, and 16 present similar detailed 
rates for titanium and compare the calculations with measurements. Excitation 
of x-ray lines by charge transfer from neutral hydrogen to highly stripped 
impurity ions can become significant under conditions of relatively high 
neutral density, e.g., near the plasma edge or in the presence of intense 
neutral beam injection. The small neutral fraction can be offset by the large 
cross sections for this process (~ 10 cm for Ar ). The capture usually 
occurs in high n levels, of the impurity ion, but cascading could result in 
contributions to the inner-shell lines of Fig. 1{c). 
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3 . 0 X-RAY PULSE-HEIGHT-ANALSSIS DIAGNOSTIC 
The x-ray pu lse -he igh t -ana lys i s (PHA) system i s used to provide a t 
overview of the overa l l x-ray spectrum. Tt uses photon counting d t t ec to rn 
which are s ens i t i ve to the photon energy ,/2-A./. Each x-ray photon iy<= ^'.i a tes M 
voltage pulse whose amplitude i s propor t iona l to the photon energy. The 
pulses are sor ted and binned according to energy by P. ^ u l s e - h j i j h t analyzer , 
r e s u l t i n g in a spectrum in which the number of photo.is i s plotter} versus x-ray 
energy. In the soft x-ray region, 1-100 kev, e i t h e r l i t h ium-dr i f t ed s i l i c o n 
Si(Li) or high pur i ty germanium (HPGe) de tec to r s ave used / 3 0 / . At higher 
energies (0.1-10 MeV) s c i n t i l l a t o r c r y s t a l s , usual ly Nal, coupled to 
photomult ip l ier tubes are more e f f i c i e n t / 5 / . The d iscuss ion of t h i s sect ion 
re fe r s p r imar i ly to the so f t x-ray PHA system. 
The p r inc ip l e s of a PHP. system which views a s ing l e chord of the plasma 
are i l l u s t r a t e d in Fig. 3 . X-ray photons f a l l i n g onto three or more de t ec to r s 
a re p r e f i l t e r e d by reraotely se l ec t ab le x-ray absorber fo i l s and pa i r s of fixed 
and remotely s e l ec t ab l e a p e r t u r e s . The f o i l s s e l e c t x-ray energy bands, and 
the aper ture pa i r s ad jus t the photon flux or count r a t e . In genera l , thin 
metal f o i l s are used when T i s low, and thicker f o i l s are chosen to measure a 
spectrum a t higher x-ray energies when T e i s la rge / 3 / . S imi la r ly , small 
diameter aper tures are used for high photon fluxes ( e . g . , high n , nany 
i m p u r i t i e s ) , and la rger aper tures for low f luxes . 
Multiple de tec to r s are required because a s ing le photon counting de tec tor 
cannot simultaneously s a t i s f y the requirements of good er,ergy r e so lu t ion , good 
time reso lu t ion , accuracy of T e measurement, and the capab i l i t y to measure a 
reasonable range of plasma e lec t ron temperatures without changing f o i l s or 
aper tures / 4 / . More s p e c i f i c a l l y , an energy reso lu t ion of 230 ev FWHM a i 0 
keV i s required to permit separa t ion of the Ka x-ray peaks of typ ica l 
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impurities such as titanium, chromium, iron, and nickel. To attain this 
energy resolution the pulse width of the pulse shaping amplifiers must be at 
least 10 microseconds /36/. second, reliable T e measurement requires good 
statistics over an x-ray energy range of 2-5 times T e. As Fig. la 
illustrates, the photon intensity varies by 3 to 4 orders of magnitude in this 
range. Third, good time resolution (50 ms) requires a net count rate greater 
than 10 s counts/second. at high count rates pulse pileup can distort the 
spectrum and cause the T_ measurement by a single detector to be unreliable. 
Pulse pileup occurs when two simultaneously arriving x rays produce 
pulses that overlap and result in a single pulse of higher amplitude which is 
interpreted as a single x ray having an energy equal to the sum of the two 
individual x-ray energies. Because the x-ray photon count rate is 3-4 orders 
of magnitude lower at high energies where piled up pulses tend to appear, than 
at low energies where the relatively higher count rate tends to cause pulse 
pileup, even a small percentage of piled up pulses can produce an unacceptably 
high relative distortion of the high energy portion of the spectrum. Thus, 
the individual detectors in a PHA system are constrained to different bands of 
the desired spectrum, and the resultant overall spectrum is obtained as a 
composite of the pieces from the separate detectors. The selection of foils 
and aperture diameters for various x-ray energy ranges and T e ranges has been 
discussed previously /3/. 
Each of the three PHA arms on TFTR has six detectors in order to maximize 
the time resolution and dynamic range within the geometrical constraints 
imposed by TFTR. The detectors are arranged as two independent triplets in 
order to accommodate large temperature excursions expected during neutral beam 
heating; i.e., the filters and apertures for one triplet can be selected for a 
low T e range (2-3 kev) as expected before neutral beam heating, and the second 
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triplet can be independently optimized for a high Ts range (e.g., 6-10 kev) as 
expected during neutral beam heating. 
The data acquisition electronics are configured to provide for 32 time 
groups of 512 channel spectra at 100 eV/channel or 64 time groups of 256 
channel spectra at either 100 or 200 ev/channel. The integration times for 
the spectra are specified by software in terms of phases, in order to provide 
maximum flexibility in apportioning the available 32 or 64 time groups to the 
interesting regions of the shot, which typically lasts 4 - 6 seconds. From 1 
to 10 phases can be specified, the ith phase beginning at time t, and 
containing m^ time groups of duration Atj. Of course, JJiij must be less than 
or equal to 32 or 64, the total number of time groups available. The time 
resolution Atj within a phase can range from 1 ms to 1 sec, and the phases 
need not be contiguous. 
A model is used to infer central plasma parameters from the single-chord 
PHA spectrum (Pig. 1a). The spectrum is fitted by a simulated, chord-
integrated bremsstrahlung spectrum (Eq. 1) which is based on either analytic 
electron temperature and density profile shapes, or measured profiles from 
Thomson scattering. Impurity densities are assumed proportional to electron 
density, as supported by zeff profile measurements from visible 
bremsstrahlung. Both the central electron temperature and the continuum 
enhancemsnt due to impurities (Eq. 2) are inferred from the best-fit 
spectrum. Metal impurity concentrations are derived from comparison of 
simulated, chord integrated Ka line intensities, based on Eqs. (3) and (4), to 
measured intensities. The low-2 impurity concentration is derived from two 
equations which express (1) charge neutrality and (2) the total continuum 
enhancement due to the known metals and the unknown low-a impurity density. 
The low-z impurities are assumed to be carbon and oxygen in a ratio of 3; 1 to 
8:1, as inferred from UV spectroscopy. 
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4.0 X-KAY CRYSTAL SPECTROMETERS 
High resolution x-ray crystal spectrometry has evolved over the last 
decade into a powerful diagnostic of several plasna parameters /6-16/. The 
crystal spectrometer instrument is used to make time-dependent measurements of 
characteristic x-ray lines of highly stripped impurity ions in the plasma with 
good energy resolution (resolving power A/AA = 10,000-25,000). The strength 
of this technique lies in the fact that the inner shell excitations probe the 
hot central core of the plasma, while extremely good wavelength or energy 
resolution permits good separation of individual inner shell transitions as 
well as measurement of x-ray line shapes. 
The measiirament of ion temperature T^ by Doppler broadening of impurity 
lines and the determination of the plasma bulk motion due to neutral-beam-
driven toroidal rotation have been the major reasons for the development of 
this diagnostic in tokamaks. Nevertheless, its capability to measure a 
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variety of other plasma parameters, including the electron temperature, 
inpurity transport rates /11/ and charge-state distributions /6-11/, and 
neutral hydrogen density /19/ has been demonstrated. some of the most 
significant contributions of high resolution x-ray spectrometry on tokaraaks 
have been in the field of atomic physics /11,15-19/. These include very 
precise measurements of wavelengths of x-ray lines from highly stripped 
medium- to high-Z ions, and measurement of relative line intensities, which 
yield information on excitation and recombination processes and their rate 
coefficients. These measurements are made possible by the excellent energy 
resolution of the XCS coupled with the unique capabilities of the tokanak to 
produce highly stripped medium- and high-Z ions in a steady state and a 
relatively eollisionless regime. 
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Since excellent papers on the details of x-ray crystal spectrometer 
requirements and design exist /6,9,10/, this paper will present mainly an 
overview of the basic design philosophy, requirements, and considerations. 
The main requirement of the XCS is high energy resolution. A resolving power 
of 10 is required to measure T* from Doppler broadening, since the Doppler 
broadening AX is typically 3-5 x 10 X. This type of energy resolution is 
not possible with energy dispersive detectors such as Si(Li) or proportional 
counters, but is realizable through Bragg diffraction. This fact is 
demonstrated by the contrast between the low resolution PHA spectrum in Pig. 
la and the XCS spectra in Figs, lb and lc of iron measured with resolving 
powers of 1700 and 15,000, respectively. 
The principal features of the Johann XCS are illustrated schematically in 
Fig. 4. The plasma x rays pass through a beryllium window and are Bragg 
reflected from the crystal to the detector. The instrument involves four 
essential ingredients. First, the Bragg condition nX = 2d sine must be 
satisfied in order for x rays to be difiracted. Here n is the order of 
diffraction, X the wavelength, 2d the crystal lattice spacing, a.id 6 the angle 
of incidence and exit. Secondly, if the crystal is cylindrically curved to a 
radius R, x rays from or passing through a point on a Rowland circle of 
diameter R will all strike the crystal at the same angle 9. Thus, if the' 
wavelength a M angle satisfy the Bragg condition, all of these x rays will be 
diffracted by symmetry to another point on the Rowland circle. The detector 
is located at this point. Third, the plasma region selected is a 
homogeneously emitting extended source. Thus the selection of different x-ray 
wavelengths by the crystal from different parts of the plasma will not change 
the x-ray spectrum. Fovrth, a position sensitive detector is used to collect 
the x rays. Thus, a position on the detector is equivalent to wavelength. 
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Other important ingredients are either a helium path or a vacuum path to 
minimize absorption by the air, and shielding such as polyethylene and lead 
around the detecto'r to minimize noise from neutrons, gamma rays, and hard x 
rays. 
X-ray crystal spectrometry at Princeton has evolved over the last decade 
from the simple scanning monochroaator used on d:e ST tokamak /37/ to the very 
high resolution polychromators used on PLT and PDX, and to the multichord 
polychromator array now used on TFTR /30.38/. The first major advance was use-
of a position-sensitive multiwire proportional counter /6/, which permitted 
simultaneous measurement of the full Ka spectrum of all charge states of iron, 
i.e., an energy range of 300 ev, and recording of four spectra during a shot 
for time resolution. The energy resolving power was 1700. A measurement of 
the charge-state distribution of iron versus electron temperature showed that 
the distribution satisfied coronal equilibrium within the theoretical 
uncertainties. The next advance was development of an instrument with a 
resolving power of 15,000 to permit ion temperature measurement from Doppler 
broadening of the helium-like Ka resonance line of iron /10/ 0 with this 
instrument an ion impurity temperature uf- to 7.0 keV was measured on PLT with 
4 M of neutral beam heating. D similar instrument was installed on PDX, 
measuring the heliumlike and hydrogenlike titanium Ka spectrum /12,1fi/. Since 
its line of sight had a tangential component, the neutral-be-.m-induced 
toroidal rotation velocity could be measured from the Doppler shift of the 
titanium XXI Ka resonance line. 
The TFTR x-ray crystal spectrometry system consists of one horizontal 
instrument viewing the central midplane of the plasma /7,11/ and a vertical 
system with three spectrometers /30,38/ which view three chords of the plasma 
vertically. The vertical system views the plasma at major radii R = 2.25, 
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2.45, and 2.95 m. The plasma center ranges from R = 2,45 m to R = 2.58 m for 
a minor radius a = 0.82 m. Major improvements leading to these T FTR systems 
/30/ include development of multiwire proportional counters /39/ which can 
handle count rates greater than 3.5 x 10 5 s without degradation of 
resolution or pulse height (10 times higher than the capability of the 
original PLT system), use of a time-to-digital converter for approximately 10 
times higher throughput than the original time-to-amplitude converter/analog-
to-digital converters used c" PLT, and use of mo^e memory for 128 time groups 
during a shot. The higher x-ray emissivity and better throughput permits time 
resolution as small as 10-20 ms. 
The spectrometers at Princeton have generally had a long focal length 
(3 en for PLT to 10 m for the TFTR vertical system), and are hence bulky and 
cumbersome to readjust to other spectral bands. This size is motivated mainly 
by the high resolving power required for Doppler-broadening measurements and 
the limited detector position resolution of 0.2-0.3 mm FWHM. However, the 
larger size of the TFTR vertical system as well as the system en the JET 
tokanak is due also to geometrical restrictions. The crystal and detector 
portions of these systems are located far from the tokaritak and beyond concrete 
walls to reduce radiation levels. The very long focal lengths are required to 
keep ths focal point near the tokanak and thus minimize the length of the 
beryllium window. 
To achieve a resolving power of 10 a crystal must have the necessary 2d 
spacing, good inherent resolving power or a narrow rocking curve, and 
precision curvature. Usually one of several diffraction planes of quartz 
crystals is suitable for the Ka lines of elements such as Ti, Cr, Fe, or Ni 
/40,41/. The crystal plate must have very flat front and back surfaces which 
are highly parallel to each other and also parallel to the crystal plane to be 
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used. Once the crystal plate is curved, the permitted deviation of the front 
surface from a cylinder is about 1 in. 
Often compromises must be considered in designing an XCS for tokamaks. 
First, a large Bragg angle 6 genera ly gives better resolution and 
reflectivity, but results in a smaller wavelength range. The energy 
resolution is better both because the dispersion d6/di is larger and because 
the detactor is more nearly tangent to the Rowland circle. A second choice 
involves detector type. The multiwire proportional counter can have high 
efficiency, excellent uniformity, and count rates ~ 5 x 10 5 with moderate 
position resolution (—0.2 mm FWHM). However, because of the depth of the gas 
volume (~ 5-20 mm), it must be perpendicular to the x-ray bean from the 
crystal, and thus cannot be precisely tangent to the Rowland circle at all 
points of its active length. Other detectors such as microchannel plate 
intensifiers have better position resolution and -ount rate capability because 
they can be operated in a current mode also. They can also be placed at an 
angle to the incoming x-ray beam, and thus can be placed more nearly tangent 
to the Rowland circle. However, the x-ray efficiency is low, usually much 
less than 10%, and the uniformity along the detector surface is much poorer 
than that of the multiwire proportional counter. 
Figure 1c illustrates a typical tea spectrum of mostly haliumlike iron 
measured, in this case, from PLT with an XCS having a resolving power of 
15,000. This good spectral resolution allows separation and identification 
of spectral features, and good measurement of line shapes. The labels on the 
peaks are taken from Gabriel /42/. The line labelled "w", which results from 
the 1s-2p resonance transition in heliumlike iron, is the line usually used 
for measurement of ion temperature. This line is convenient because it is 
relatively free of features on the short wavelength side and in the region 
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between d13 and x. Examples of these measurements are discussed in the 
references /1,7,10,11/. 
5.0 TEE X-RAY IMAGING SYSTEM 
The concept of the x-ray imaging system (XIS) is illustrated 
schematically in Fig. 5, which shows the horizontal XIS on TFTR /20/. For 
this system 76 silicon surface barrier (SB) diodes lying on a circular arc 
view the plasma through a common slot aperture. Thus, different detectors 
sample the plasma x-ray emission integrated across different chords of the 
minor cross section at a fixed toroidal location. The main purpose of the XIS 
is to measure the spatial structure of rapid fluctuations in the plasma x-ray 
emission and, thereby, provide informatioq on the plasma instabilities that 
cause the fluctuations /20,22/. The modulation in emission may result from 
MHD activity, from the outward propagation of a heat pulse resulting from an 
internal disruption /43/, or from the motion of impurities injected into the 
plasma /27,28/. The latter two examples provide information on thermal 
transport and impurity transport times. Other uses for the XIS include 
measurement of plasma position, position of the q=1 radius, and beam-induced 
toroidal rotation velocity. 
The principle of operation of the XIS is simple. X rays striking the 
detector generate a current which is amplified, digitized, and stored to 
produce a time series for later display and analysis. The detector and 
aperture area and foil thickness are chosen to yield a current of ~ 1 yA for 
the central detector. The filter thickness is selected to result in a 
monotonic decrease in signal level with minor radius. This radial gradient in 
emissivity serves to provide some effective spatial localization of the line-
integral signal, thereby enhancing the ability to analyze radial changes in 
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the profile shape (sawteeth) or rotation of a non-axisymmetric emissivity 
profile about the plasma axis (m=1 activity). poloidal and toroidal 
variations in the plasma structure are often described in terms of harmonics 
of the form exp(im© ± in$), where 0 is the poloidal angle, $ the toroidal 
angle, and m and n are integers. Both the aperture and detectors are usually 
rectangular with the long dimension extending toroidally to maximize signal 
strength and the short dimension running perpendicular to the minor axis and 
chosen to provide a position resolution of 3-5% of the plasma minor radius. 
The digitization is performed at two rates: a slow rate which spans the 
full discharge duration and a fast rate (from 1 kHz to 1 MHz, depending on the 
frequency of the fluctuations of interest). For plasma impurity transport 
studies special filter materials and thicknesses may be used to select 
characteristic K or L lines of particular impurity charge states to facilitate 
easy identification of the behavior of these states. 
The principle of operation of the XIS may be visualized more graphically 
from Fig. 6. This figure demonstrates a model which attempts to simulate the 
experimental m=1,n=1 emissivity profile of Fig. 6d. The circular structure in 
Fig. 6a represents the plasma minor cross section. The various traces in 
Fig. 6c represent the time behavior of signals from XIS detectors which view 
different chords of the plasma. The circles in the plasma cross section 
(Fig. 6a) are contours of equal x-ray emissivity which generally decrease in 
amplitude from the center to the edge (Fig. 6b). The shaded region represents 
a magnetic island at the q-1 radius with m=1 , n=1 structure. The effect of 
the magnetic island is to flatten the x-ray emiasivity profile inside the 
shaded area, as shown in Fig, 6b. Note also that the central set of circles 
is displaced to the right of the plasma geometric canter. This shift results 
in an off-center peak of increased emissivity with a ledge of constant 
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emissivity on one side. As the island structure and peak rotate about the 
center, they modulate the emission seen by the detectors which view inside the 
q=1 radius. These perturbations are typically 5-10% of the dc level. 
Three properties of the emission are noticed: (1) The oscillations below 
the center are 180° out of phase relative to those above the center, as 
expected. (2) The central oscillation.": have twice the frequency of the outer-
channel oscillations; this is because the hot spot or high emissivity peak 
passes the centiil detector twice during one rotation of the island. It can 
be seen that the model reproduces the main features of the measured 
fluctuations. One ..complication is that the detectors vie* chordally 
integrated emission rather than local emission. Thus the iine-of-sight 
profiles have less distinct features than the local profiles. Secondly, the 
poloidal resolution of ea^h detector is comparable Co the separation of 
neighboring detectors, thus broadening the features somewhat. (3) The time 
duration of the signal spike increases as we go from outer radii toward the 
center. This is because inner detectors view the high intensity peak for a 
longer period of time. 
6.0 HARD X-RAY PULSE-HEIGHT SPECTROMETER 
The hard x-ray spectrometer measurement of the hard x-ray bremsstrahlung 
emission from the plasma can yield information on anisotropic non-Haxwellian 
electron distributions /5/. This is especially important in lower hybrid 
current drive (LHCD) experiments, where the plasma current is carried by an 
energetic electron tail of the electron distribution which is driven by rf-
excited lower hybrid waves. The measurement of the electron distribution 
function can elucidate the processes of wave interaction with the plasma, 
which is important in developing and improving the LHCD technique. In this 
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section the instrumentation and some of the data interpretation and modeling 
techniques are discussed /44/. 
The concept of the measurement of anisotropic non-Haxwellian distribution 
functions from the x-ray emission relies on the fact that for electron 
energies greater than 20 keV the bremsstrahlung is significantly peaked in the 
forward direction, i.e., the direction of motion of the electron. This is 
illustrated in Fig. 7. Thus a detector which is collimated to accept photons 
which propagate parallel to the magnetic field will respond more to parallel 
electrons than will a detector which views perpendicular to the magnetic 
field, and vice-versa. This measurement is not simple, however, even with 
spectrally resolved measurements as a function of angle to the magnetic field. 
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This is because the electrons in the plasma have a range of energies and 
directions, and any electron can emit a photon of lower energy in any' 
direction. Thus, not only must the spectra be measured as af function of 
angle, but also calculations of the emission from model 'electron distributions 
i 
must be done to permit a confident inference of the most likely distribution 
function. The measurement is further complicated by the fact that the plasma 
hard x-ray emission is usually much less intense than emission from the 
limiter and walls due to runaway electron impact, and often there can be 
neutron- and gamma-induced noise in the detector. 
The instruments for measuring the electron distribution function during 
LHCD experiments on PLT have been described by von Goeler /5,45/. Here the 
equipment and measurement concept will be briefly reviewed. The main 
instrument is illustrated in Fig. 8. The x-ray spectra are measured by a 3-in 
diameter by 3-in long Nal scintillator-photomultiplier. The scintillator is 
large enough to absorb the Compton-scatterod photons and thus to provide 
nearly 100% photopeak efficiency for x-ray energies up to 850 keV. A 10-in-
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thick Pb shield prevents noise from the hard x-ray background. A system of 
apertures constrains the view to a line such that x rays entering the detector 
can come from only one direction. The direction of view is selectable by 
rotating the instrument about a pivot point from nearly forward or parallel 
emission at 6 = 28 degrees to perpendicular viewing at 9 = 86 degrees, where 8 
is the angle between the line of sight and the magnetic field. For angles 
greater than 90 degrees, the plasma current and magnetic field are reversed. 
To ensure that the detector system was responding to x-ray emission from 
the plasma and not wall radiation, the spectra at 6 = 86 degrees were compared 
with spectra from a vertically viewing hard x-ray detector system. The two 
spectra were identical. It is believed that the vertical hard x-ray system 
responds only to plasma radiation and not to radiation from the wall or 
scattered from other structural members since the detector is tightly 
constrained to avoid viewing the pipes or the wall, and views only a beryllium 
window which is recessed 46 centimeters from the vacuum vessel into the wedge 
casting of the tokatnak torque frame. This viewing dump ensures that the 
detectors will not view wall radiation or scattered radiation. Data from the 
vertical hard x-ray system were also used to normalize spectra from the 
tangential system to correct for small changes in the current drive 
characteristics when the magnetic field, plasma current, and waveguide phasing 
were reversed for measurement of the backward x-ray emission. Further 
confidence that plasma radiation dominates the spectra measured by the 
tangential system was derived from impurity injection experiments during which 
the x-ray emission intensity increase and time behavior were consistent with 
those expected from the increase in Z ejj due to the impurities. An estimate 
of the effective path length of the hard x-ray emitting region as a function 
of viewing angle 8 was derived from the perpendicular viewing soft x-ray 
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PHA. This d iagnost ic can be scanned to measure d i f f e r e n t chords of the plasma 
minor cross sec t ion and measures a hard x-ray t a i l in the 12 - 25 keV 
region. Abel-inverted x-ray i n t e n s i t i e s from r a d i a l scans provided 
geometrical cor rec t ion fac tors for the t angen t i a l l y viewing system. 
A typ ica l x-ray spectrum from the t angen t i a l l y viewing system a t B = 28 
degrees during LHCD i s i l l u s t r a t e d i n Fig. 9. The spectrum has been f i t t e d 
with a sum of the two indica ted exponent ia ls , which are charac ter ized by 
"temperatures" of 39 and 84 keV. 
As mentioned previously , due to the complexity of the x-ray emission 
processes , i n t e r p r e t a t i o n of the data requires comparison with simulat ions 
using a model e lec t ron d i s t r i b u t i o n function / 4 4 / . The complexi t ies a r i s e 
because of (1) the va r i a t i on of emission i n t e n s i t y with e l ec t ron k i n e t i c 
energy and d i r ec t i on , and with photon energy and d i r ec t i o n ; (2) the v a r i a t i o n 
of path length with viewing angle; and (3) probable v a r i a t i o n s in the e lec t ron 
d i s t r i b u t i o n with minor r a d i u s . The modeling was done in terms of a 3-
temperature e l ec t ron d i s t r i b u t i o n function and a maximum e l ec t ron cutoff 
ft?) 
P 2 P * 
C N E X P ' " I T — ~ 2 ¥ ~ - ) PH < P* 
P > Pm 
vhere the asterisk represents F for "forward" when p u > 0, and represents B 
for "backward" when p ^ < 0. The p n and Pj^ represent the electron momenta, and 
T!II" ^LB' a n d T l a r e ' r e s P e c t i v e l y » temperatures for the forward, backward, 
and perpendicular directions. The maximum electron energy E = p c +• m c^ 
was used to simulate a high energy limit to the distribution function which 
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could result from a maximum wave phase velocity due to the lower hybrid ŵ ive 
accessibility condition. Line-of-sight integrations were done to account for 
changes in geometry with the orientation of the diagnostic. This permitted a 
direct comparison of the calculated emission with the measurement. 
In trying to select parameters which will produce agreement between the 
calculated and measured emission, it is useful to know how the emission should 
change as the free parameters are varied. The sensitivity of emission to 
changes in values of T™, T ™ , and T. is illustrated in Fig. 10 for two values 
of photon energy, 100 and 300 keV. These simulated curves verify the expected 
result. For example, consider the lower triplet of curves which represent the 
x-ray emission at 300 keV. The lower solid curve corresponds to T. p = 750 
keV, T. = 150 keV, and T [ B = 150 keV. The dct-dashed curve shows that the 
maximum change in emission when the forward parallel temperature T | | F is 
increased to 1125 keV or reduced to 375 keV occurs at 0 degrees or in the 
forward direction. Similarly, the perpendicular viewing detector near 60-120 
degrees has the greatest sensitivity to changes in T. (reduction to 75 keV or 
increase to 225 keV), and the. backward viewing detector at 150 - 180 degrees 
responds most to changes in T.. 
7.0 RADIATION EFFECTS AMD SHIELDING REQUIREMENTS 
Rs tokamaks become more successful in confining and heating particles, 
the fusion rate increases. Thus the flux of neutrons and accompanying gamma 
rays and the background noise in detectors increase. The TFTR neutron 
production rate or source strength has been as high 9 x 10 _ neutrons/sec. 
The x-ray diagnostic detectors ara particularly sensitive to the gamma rays, 
and to a lesser extent to the neutrons• The noise levels became hig'* even on 
PLT with neutral beam injection, and the PHA and 'ACS detectors had to be 
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shielded. Also, some of the x-ray detectors, the Si(Li) and silicon surface 
barrier diodes, can be damaged by a high neutron fluence, and the shielding 
serves to reduce this problem. Thus a significant emphasis of the TFTR x-ray 
diagnostic development program has been development of shielding to mitigate 
the radiation effects /30/. Also, TFTR has provided a unique environment to 
test these transport calculations. 
The shielding requirements for the x ray diagnostic detectors are based 
on an estimate of "the background level which is acceptable, i.e., which will 
not seriously degrade the quality of the measurement, and a prediction of the 
maximum expected neutron and gamma-ray fluxes and spectral distributions at 
the diagnostic. The acceptable background noise is different for each of the 
different detector types. The radiation spectrum incident onto the shield was 
derived from a model which treated the neutron source geometry and spectrum as 
well as (n, f) reactions and scattering in the tokamak structure, walls, 
ceilings, and floor /46/. 
Both the rate of radiation-induced noise pulses in the detector and the 
distribution of pulse heights are important. This is true even for the XiS 
detectors, the signal of which is normally integrated to yield current 
level. Since the bandwidth is usually large, frequent large pulses can 
produce a level of "spikes" on the traces which can mask high frequency 
fluctuation levels of interest. Although the PHA and XCS electronics reject, 
some of the noise due to pulse-height discrimination, unfortunately a large 
fraction (30-60%) of noise pulses fall within the window of interest and 
distort the continuum spectral shape or reduce the ratio of signal to 
background. 
Both neutrons and gamma rays tend to produce a broad pulse-height 
spectrum, decreasing with pulse height. in the case of neutrons in silicon. 
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for exaraple, most of the pulses result from energy deposition by recoiling 
silicon atoms due to elastic and inelastic scattering of the neutron. In the 
case of gamma rays, the pulses are mostly produced by recoil electrons from 
Compton scattering, which both have a range of energies and way deposit only a 
fraction of the energy before escaping fr^m the detector. SotV. effects 
contribute to noise in the soft x-ray range. 
For the FHA detectors, the gamma-generated pulse-height spectrum normally 
extends to higher energy than that from the continuum x rays and produces a 
spectrum with a slope whose magnitude is smaller than that of the x-ray 
continuum. This causes an overestimate of the electron temperature. Even a 
few thousand counts per second can degrade the Z ,, measurement since 
determination of the low-Z impurity concentration is very sensitive to 
temperature. 
The XCS detector, which can operate at rates greater than ~ 5 x 10 
counts/sec, can tolerate background levels of one to a few times 10 s -' with 
only minor degradation of the ion temperature measurement. This is because 
the x-ray peaks fall within a narrow band on the detector, whereas background 
radiation is uniformly distributed. At low rates the noise generates a 
uniform background under the spectral lines. A uniform background itself does 
not broaden the x-ray spectral peak, so T\ can still be measured. It does, 
however, reduce the peak to background ratio and, because of throughput 
limitations, reduces the rate of x-ray pulses which can get through the 
electronics. However, at higher rates a significant distortion of the 
underlying gamma-ray-induced background occurs. The pulses tends to pile up 
toward one end of the position spectrum and make the choice of background 
subtraction more difficult. 
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To understand this phenomena one must understand the principle of 
operation of the detector. Any x-ray or gamma-ray photon striking some point 
on the detector results in an electronic pulse which propagates from that 
position toward both ends of a delay line. One pulse tthe "start" pulse) 
triggers a counter or timer, and the second pulse turns it off ("stop"). The 
time delay is proportional to the position at which the photon struck the 
detector. If the photon rate is high, occasionally a second photon will 
strike nearer to the "stop" end of the delay line than the position of the 
pulse from the first photon. Thus, its pulse arrives at the "stop" e .d of the 
delay line sooner than that of the first pulse, and it turns off the counter 
too soon. The ref'lt is interpreted as a single photon striking closer to the 
"start" end of the counter than did either of the two photons. 
Specification of the tolerable background noise in XIS detectors is more 
complicated since it depends on the type of measurement being done: (a) 
studies of sawteeth with ten's of ms period; (b) HHD phenomena with few kHz 
frequency; or (c) high frequency fluctuations (> 20 kHz). Furthermore the x-
ray signal strength typically varies from ~ 1 |jA for central chords to ~ 10 nA 
near the edge, whereas the radiation background is expected to be 
approximately uniform across the detector array. 
For sawtooth studies the 300 Hz filtering used on XIS data effectively 
suppresses the radiation spikes. Thus an average radiation background current 
of 10 nA should be tolerable. It might invalidate some data near the plasma 
edge and result in some loss of information on heat-pulse propagation. A 
background level of 100 nA, however, would severely degrade the data. For 
higher frequency studies (b and c above) wider bandwidth filtering (40 - 600 
kHz) is used, and the larger radiation background pulses become visible. 
Fortunately, the random background pulses have a flat f ret^aency-domain 
28 
spectral density, whereas the MHD phenomena are often concentrated within 
narrow frequency bands, Thus, Fourier analysis of the data should help to 
extract information from the noise. A comparison of spectral power densities 
of x-ray and background signals led to the conclusions that (1) high frequency 
fluctuation studies would become impossible at a background current much above 
1 11A, whereas (2) MHD oscillations would be clearly visible at a background 
level of 10 nA, and would even be visible at 100 nA, though mode studies might 
not be possible. 
The detector shielding requirements were based on computer calculations 
for various combinations of neutron and gamma-ray shielding materials. The 
materials consisted of two types, a neutron attenuator and moderator, and a 
gamma-ray attenuator. The neutron moderator is typically a hydrogen-
containing material such as borated polyethylene, water-extended polyester 
(W£P), p'araffin, or concrete. The gamma attenuator is usually a single layer 
of lead inside the neutron shield to attenuate both the incident gamma rays 
and those produced by neutron capture in the neutron shield or the boron. 
Both one-dimensional slab model (AHISN) /47/ or spherical model /31/, and 
three-dimensional calculations were done./31/ Total neutron or gamma ray 
interaction cross sections were used to predict the background count rate. 
For the XIS detectors some measured curves of ionization response were used to 
predict the noise current /48/. Also, some work was done with a deuector-
response computer code /49/ which predicted pulse-height distributions due to 
neutrons, gamma rays, and charged particles. 
Figure 11 shows typical calculations and measurements of the radiation 
background noise current in the horizontal XIS detectors inside the test 
cell. These points have been normalized to unity TFTR neutron source 
strength, i.e., divided by the total number of neutrons emitted per second. 
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Most of the earlier calculations were done with a one-dimensional code in 
order to predict the optimum mix of polyethylene and lead. As the neutron 
flux became high enough to produce a measurable signal, the measured point at 
2.5 cm of lead was obtained. Also, at this time a full three-dimensional 
calculation was done. The noise predicted by this calculation was much nearer 
to the measured noise and significantly lower than the results of the one-
dimensiorial calculations. 
Figure 12 summarizes some predictions and measurements of radiation-
generated background counts versus shield thickness in the PHA Si(Li) 
detectors, located in the TFTR test cell. Measurements were made with a 10-cm 
lead shield and with this shield surrounded by 15-20 cm of borated 
polyethylene (PE) . The count rate was normalized to the total TFTR neutron 
production rate or source strength. The triangles represent calculations in a 
one-dimensional slab geometry using the AHISN transport cr^ie. The points fron 
0 to 16 cm refer to a lead shield only. Those beyond 16 cm are for a 16 cm 
lead shield inside a 5% (by weight) borated polyethylene shield. The dashed 
curve to the left was obtained by shifting the solid curve to the left until 
it intersects the 10-cm Pb point. This was done for comparison with the 
measured data, since no ANISN calculations had been done for 10-cni Pb plus 
polyethylene. The squares refer to one-dimensional spherical calculations. 
The apparent saturation of shielding effectiveness near 40 era results from an 
assumed ~ 2% component of 14 MeV neutrons included with the 2.5 HeV DD 
neutrons. For the measured points the error bars on shield thickness indicate 
that the thickness was not uniform. The lead shield was 10-cm thick in front 
(facing the tokamak). and around the sides, but only 5-cm thick on top, and 
gaps existed at the liquid nitrogen dewar location. Also the 1% borated 
polyethylene shield was 20-cm thick in the front and iS-cm thick on the sides. 
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The radiation background levels measured in the horizontal PHA and XIS 
are lower than those predicted by the one-dimensional transport codes. This 
is both encouraging and not completely unexpected. Two main reasons come to 
mind. First, the one-dimensional codes cannot properly treat the three-
dimensional nature of the geometry; in reality the radiation flux density on 
the sides and, particularly, the back of the shield and detector is lower in 
both magnitude and average energy than the frontal (facing the tokamak) flux 
density. The sources for the one-dinensional transport calculations, however, 
were conservatively taken to be the frontal Elux density or radiation current 
density. Secondly, the PHA electronics has a discriminator which rejects 
pulses smaller than 2-3 keV equivalent electron energy. The calculations, 
however, count every pulse, no matter how small. Both measurements and 
calculations show that: a significant fraction of pulses from neutron 
scatterinq or Compton scattering of gamma rays can be small, since they result 
from distant, small angle collisions. The neutron pulse-height spectrum, in 
particular, is softened by the fact that only a fraction of the energy of 
recoiling Si or Ge atoms goes into ionization. 
At full power, with 27 MW of 120 keV deuterium neutral beams injected 
into a deuterium plaswa, TFTR is expected to produce up to 10 
neutrons/sec. This is ten times higher than the levels achieved so far. The 
shielding requirements for the x-ray diagnostics during this phase of 
operation were determined ftom the previously discussed acceptable background 
levels and the data of Figs. 11 and 12. 
Since a shield for the PHA located in the test cell would have to be 
greater than 1-ra thick, the diagnostic was relocated outside the test cell's 
2-m-thick concrete wall. A 5-cm-dianeter vacuum tube penetrates the wall and 
couples to a 10-cm tube which provides a line of sight to TFTR. Ho 
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additional shielding should be required around the PHA detector. The desired 
30-cm-thick shield for the horizontal XIS is not possible due to interference 
from other hardware near the tokamak. Thus, a shield of 7.5 cm of Pb and 15 cm 
of 1% borated polyethylene has been installed. Itiis should limit the 
background to ~ 50 nA. Only loss of information on high frequency fluctuations 
(> 20 kHz) and some degradation of information on heat-pulse propagation 
should be incurred at this level. 
Also radiation background information from the XCS detectors has been 
obtained. The background in the horizontal XCS detector in the test cell 
becomes intolerable for a neutron source strength greater than 10 ' 
neutrons/second, even with the existing shield of 10-15 cm Pb surrounded by 
1S-20 cm of borated polyethylene, some noise measurements in the vertical XCS 
detectors located in the diagnostic basement area indicate a measured response 
of 5 x 10~11counts/neutron. This extrapolates to a true response of ~ l .5 x 
10 counts/neutron, since the pulse-height window accepts an estimated 30% 
of the gamma-ray pulses. Comparison of the measured response with model 
calculations suggests an average response of 0.5 counts/Y/cm2 and 0.1 
-I o 
counts/neutron/cm in the 10 x 18 cm detector. Based on this response, a 
shield consisting of 10 cm of Pb inside 12 cm of borated paraffin is being 
designed for full power operation. 
8.0 TUTORS PLAHS 
Some additional x-ray diagnostic instruments have been added to TFTR to 
improve the diagnostic capabilities. A vertically viewing XIS camera with 
foils matching those on the horizontal XIS has been installed to permit x-ray 
tomography and measurement of the plasma radial position /50/. Also, two 
additional vertically viewing PHA arms have been installed in the diagnostic 
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basement. Along with the horizontal PHA, these should provide three points on 
the radial profile of impurity concentration, Z e j f , and T e. The locations are 
at major radii of 1.94 m and 3.0 m. The plasma centerline is normally R = 
2.45 m for large plasmas with minor radius a = 0.82 ra. One arm, at R = 1.94 
m, has just become operational. The second will be aligned and integrated to 
TFTR as access permits. 
The present x-ray diagnostics, with shielding which is being added, 
should operate successfully through the DD equivalent breakeven period. For 
tritium plasmas <DT) in 1988-1989, however, the neutron source strength will 
be 100 times higher (~6 x 1 0 1 8 neutrons/sec), and the 14 MeV neutrons will be 
more penetrating. The present XIS concept hes no hope of operating under 
these conditions due to the high radiation background. To solve this problem 
a prototype instrument /51/ is being designed to use layered synthetic 
microstruetures {LSM) /52/ or man-made Bragg diffractors to deflect the x-ray 
beam and thus permit removal of the detector from the line-of-sight 
neutrons. The LSM is being used because it has a relatively high 
reflectivity. For higher energy x rays either LiF or pyrolytic graphite 
crystals might also be used. This instrument will be tested or; TFTR in 
1987. If the x-ray signal strength is high enough, as calculations suggest, 
this instrument could provide an approach ftr monitoring HHD activity in 
reactors. 
Also advancements have been made in low energy x-ray spectroscopy. A 
small vacuum XCS has been built and installed on PLT.. Initial results suggest 
that this instrument can measure its full spectral range with a much higher 
throughput (approximately a factor of 10 3) than the rotating crystal 
spectrometer used earlier /53/, and has a rauch better time resolution and 
larger wavelength range and dynamic range than the large XCS instruments used 
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for ion temperature measurement and for measuring the neonlike silver spectra 
/17/. The Rowland circle diameter is 0.57 m. A 10-cm chevron microchannel 
plate with fiber-optic bundles leading to two end-to-end Reticon self-scanning 
diode arrays provides good position resolution and a large dynamic range. The 
spectral resolving power with an ADP crystal at X = 8,0 A is 3000. Higher 
resolving power should be achievable with slight modifications. Good spectra 
of Ar Ka radiation in second order have been recorded in 4 ms. 
The vacuum XCS has the potential for measuring ion temperature profiles 
in a single discharge with good time resolution. It is hoped that this 
iistrunent can be installed on TFTR in the future to aid in T^ measurements 
and to permit an extension of the studies of spectra of high-Z highly stripped 
(F-, Ne-, Ha-like, etc. J ions for advancement of atomic physics end in the 
search for suitable x-ray laser transitions. 
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FIGURE CAPTIONS 
Fig. 1 (a)" Soft x-ray spectrum from the central chord of TFTR measured by 
the x-ray pulse-height-analysis (PHA) diagnostic. (b) Expanded view 
of iron Ka spectrum from PLT measured by x-ray crystal spectrometer 
(XCS) with resolving power. (E/4E) of 1700. (c) Further expansion 
of Fe Ka spectrum from PLT measured with XCS having a resolving power 
of 15,000. 
Fig. 2 Excitation rates for several charge states of iron multiplied by 
fractional abundance according to coronal equilibrium /3 3/. Fe 25 is 
pig. 3 Schematic of horizontal x-ray PHA on TFTR illustrating array of six 
detectors, remotely selectable foil and aperture arrays, and neutron 
and gamma-ray shielding. 
Fig. 4 Schematic illustrating principle of Bragg x-ray crystal spectrometer 
(XCS). 
Pig. 5 schematic of horizontal x-ray imaging system (XIS) on TFTR showing 
detector and preamplifier arrays, selectable foil ladders, viewing 
slot, and radiation shielding. 
41 
Fig. 6 Model for interpreting XIS data. ta) Contours of equal emissivity 
decreasing towards edge, showing m = 1 magnetic island. (b) 
Emissivity profile showing flattening at m = 1 island. (c) and (d) 
Comparison of simulated signal from several chords to measured XIS 
data. 
Fig. 7 Forward peaked bremsstrahlung emission intensity contours for mildly 
relativistic electrons. 
Fig. 8 Schematic of collimated hard x-ray detector used to measure angular 
distribution of bremsstrahlung spectra from PLT. 
Fig. 9 Hard x-ray spectrum from PLT measured at Q = 28° toward the forward 
direction. The experimental points are fitted by a "two temperature" 
fit consisting of the sum of two exponential functions. 
Fig. 10 Calculated angular dependence of photon counts for hv = 100 and 300 
keV. Various dashed curves represent a ± 50% change in one model 
parameter (T, F, ?., or T f f l) relative to those values shown on the 
solid curve, with the other parameters remaining fixed. 
Fig. 11 XIS background noise, resulting from TFTR fusion neutron emission 
(and secondary gamma rays), versus shield thickness. The three-
dimensional model agrees with measurements for a 2.5-cm-thick lead 
shield. One-dimensional models overestimate the noise. 
Fig. 12 Background counts in PHA Si(Li) detector resulting from fusion 
neutrons and secondary radiation versus shield thickness. One-
dimensional slab and spherical models overpredict measured counts. 
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